Multiferroic structures that provide coupled ferroelectric and ferromagnetic responses are of significant interest as they may be used in novel memory devices and spintronic logic elements 1-4 . One approach towards this goal is the use of composites that couple ferromagnetic and ferroelectric layers through magnetostrictive and piezoelectric strain transmitted across the interfaces 5-7 . However, mechanical clamping of the films to the substrate limits their response 1,8 . Structures where the magnetic response is modulated directly by the electric field of the poled ferroelectric would eliminate this constraint and provide a qualitatively higher level of integration, combining the emerging field of multiferroics with conventional semiconductor microelectronics. Here, we report the realization of such a device using (Ga,Mn)As, which is an archetypical diluted magnetic semiconductor with wellunderstood carrier-mediated ferromagnetism, and a polymer ferroelectric gate. Polarization reversal of the gate by a single voltage pulse results in a persistent modulation of the Curie temperature of the ferromagnetic semiconductor. The nonvolatile gating of (Ga,Mn)As has been made possible by applying a low-temperature copolymer deposition technique that is distinct from pre-existing technologies for ferroelectric gates on magnetic oxides. This accomplishment opens a way to nanometre-scale modulation of magnetic semiconductor properties with rewritable ferroelectric domain patterns, operating at modest voltages and subnanosecond times.
mediation of the Mn-Mn exchange interaction by the strongly spin-orbit coupled valence band holes that control the strength of the magnetic interactions, magnetocrystalline anisotropies and magnetotransport effects 12 .
Volatile control of the magnetic response in a diluted magnetic semiconductor channel of a conventional FET was previously reported in magnetically doped group III-V, IV and II-VI semiconductors [13] [14] [15] [16] [17] [18] . Here, the main focus is on the demonstration of persistent electrical control of ferromagnetism in terms of switching the collective magnetic state on and off, or equivalently, producing sizable changes in the Curie temperature.
Achieving a FeFET based on magnetic (Ga,Mn)As presents a number of challenges. The change in two-dimensional hole concentration that can be produced by a ferroelectric gate does not exceed the spontaneous polarization of the ferroelectric material, typically about 10 µC cm −2 (6×10 13 electrons cm −2 ), and screening at the ferroelectric-semiconductor interface can reduce the induced charge below that ideal. The three-dimensional hole density in ferromagnetic (Ga,Mn)As is high (10 20 -10 21 cm −3 (10 13 -10 14 cm −2 per nanometre thickness)). The thinnest possible (Ga,Mn)As layers are therefore required. Thus, we have implemented our device with the thinnest (7 nm) layers of 6% Mn-doped GaAs that exhibit consistent and well-characterized ferromagnetic behaviour. A second challenge relates to an incompatibility between (Ga,Mn)As and the 400-600 • C anneal required for oxide ferroelectrics. A temperature much above 250 • C leads to a loss of substitutional Mn, reducing both the local moment density and the hole concentration on which the Mn-Mn exchange relies 19 . Thus, instead of a conventional perovskite ferroelectric, we have used a copolymer polyvinylidene fluoride with trifluoroethylene P(VDF-TrFE), which requires only a 140 • C anneal to align the polymer chains 20 .
A cross-section of the FeFET structure is shown in Fig. 1 . The 7 nm (Ga,Mn)As films were grown by low-temperature (≤250 • C) molecular beam epitaxy onto a 330 nm high-temperature GaAs buffer layer on a semi-insulating GaAs (001) substrate. The uniaxial anisotropy with the easy magnetization axis parallel to the [110] axis was confirmed by superconducting quantum interference device magnetometry, as reported earlier for similar films 21 . Two films were tested; film I shown in Fig. 1 was separated from the buffer by a 50-nm-thick Al 0.33 Ga 0.67 As barrier, whereas film II was deposited directly onto the buffer layer. Films I and II have roomtemperature sheet resistances of 11 and 8 k , respectively.
Hall bars of width 180 µm and length 2,300 µm were defined by chemical etching and Ti/Au (15 nm/125 nm) contacts were deposited by electron beam evaporation. The conducting channel was oriented parallel to the [110] crystal axis, corresponding to the easy magnetization axis. The 200 nm P(VDF-TrFE) ferroelectric gate polymer was spin-coated from the 2% methyl ethyl ketone solution and crystallized for 10 min at 137 • C. Finally, a 100 nm Au gate electrode was deposited by thermal evaporation.
The ferroelectric P(VDF-TrFE) films on (Ga,Mn)As show the sharp polarization hysteresis loop seen in the upper inset of Fig. 2 , with an ambient-temperature remnant polarization close to 6 µC cm −2 . The polarization is stable for more than a week and after repeated cycling to 10 K, as confirmed by both polarization hysteresis and transverse piezoelectric response measured directly through the gate electrode by piezoelectric force microscopy 22 at room temperature. In our magnetotransport experiments, the gate was poled with a single +30 V (−30 V) voltage pulse.
Ferroelectric control of the hole density in the channel can be seen in Fig. 2 , which compares the temperature-dependent resistivities of the channel in film I before and after poling the gate and a reference Hall bar with the ferroelectric gate removed. Polarizing the gate induces a resistivity change between accumulation and depletion of ∼4% at 300 K, ∼9% around the Curie temperature, T C , and ∼11% at 20 K. For all three curves, the resistance initially increases as the temperature is lowered, before reaching a maximum below which it decreases. This resistance maximum is generally found to occur close to T C and the fall in resistance below T C is attributed to suppression of spin-disorder scattering 19 . The position of the peak (Fig. 2 , lower inset) changes from 91 K in accumulation to 85 K in depletion, with that of the reference bar between these values. This demonstrates that the polarization state of the gate significantly modulates the Curie temperature.
A higher degree of accuracy in inferring the Curie temperatures of (Ga,Mn)As materials can be achieved from the measured Hall resistivity, ρ xy , which is dominated by the anomalous Hall component 23 . We have carried out measurements of ρ xy and ρ xx , the longitudinal resistivity, in magnetic fields perpendicular to the film, within the range of −1.4 T < B < 1.4 T. The ratio (ρ xy /ρ n xx ), with n ∼ 2, is expected to track the magnetization, M for metallic materials, in the Berry-phase interpretation of the anomalous Hall resistivity 24 . T C values can then be obtained from Arrott plots
where B is magnetic induction), because the ferromagnetic (paramagnetic) state corresponds to a positive (negative) intercept on the ordinate of the extrapolated linear behaviour at higher B values 23, 25 . The Arrott plots, for n = 2, in accumulation and depletion, show clear shifts in the ordinate intercepts ( Fig. 3a,b ). This intercept is plotted versus T in Fig. 3c , from which T C can then be read as the temperature at which the intercept passes through zero. This gives a Curie temperature that is ∼3.8 K (4.7%) lower in depletion than in accumulation (Fig. 3c ).
As the magnetic-field dependence of ρ xy is much larger than that of ρ xx for our samples, the shift in T C obtained in this way is barely sensitive to the value of n: taking n = 1 (corresponding to the skew scattering picture 24 ) gives a T C shift of ∼3.2 K. We now turn to the second structure, with a channel consisting of a (Ga,Mn)As film (II) without a (Al,Ga)As hole barrier. This structure shows qualitatively very similar trends for the temperature-dependent resistivities in the accumulation and depletion states compared to film I shown in Fig. 2 ; however, the resistance change is weaker by a factor 3. The shift of the resistance peak and the Arrott plot intercepts both indicate a control of T C , with an intermediate resistance maximum and T C in the Hall bar with the gate removed. The observed T C shift of 1.8 K (2.2%) is weaker than in film I. This may be due in part to a higher carrier concentration in film II, consistent with the lower resistivity and/or the stronger confinement of holes (and hence smaller effective thickness) in the (Ga,Mn)As film I grown on the wider bandgap (Ga,Al)As material. Table 1 summarizes the data on T C shift driven by the ferroelectric gate. These measured T C shifts are in good agreement with the predicted sublinear hole-concentration dependence T C (p) (ref. 26) . From Table 1 , the T C shift associated with the resistance modulation in film I (II) gives ∂(ln T C )/∂(ln R) ≈ −0.5(−0.7). A detailed comparison can be made with the dependence on hole concentration of T C and the conductivity as calculated microscopically within the kinetic-exchange model band structure and Boltzmann transport theory [27] [28] [29] Figure 3 Control of ferromagnetism through ferroelectric switching: determination of the ferromagnetic T C change by Arrott plots for film I. a,b, Arrott plots for the accumulation (a) and depletion (b). c, The intercepts from Arrott analysis plotted versus temperature, which give T C of 76.9 K and 80.7 K, respectively, for depletion and accumulation. Hysteretic behaviour of the magnetization is another important signature of ferromagnetism, related to the magnetic anisotropy. We report a significant change of the hysteresis between accumulation and depletion states that clearly signals an altered magnetic state. Figure 4 shows hysteresis loops of transverse resistance of film I plotted as a function of magnetic field oriented along the Hall bar axis, which is within an accuracy of a few degrees the easy magnetization axis as determined from complementary superconducting quantum interference device measurements. Hysteresis is observed when the magnetization switches by ∼180 • in the (001) plane. Note that we are able to observe this switch of magnetization as a change in transverse resistance due to an anomalous Hall signal that we ascribe to a small misalignment of ∼0.1 • between the polished wafer plane (the Hall bar plane) and the magnetically easy (001) crystallographic plane. Such a misalignment is well within the quoted accuracy limits of the commercial substrates used. This interpretation is based on detailed measurements of the transverse magnetoresistance in outof-plane and in-plane saturating magnetic fields. The dependence of the hysteresis on the gate voltage is clearly observed throughout the temperature range and becomes more pronounced when approaching T C . The hysteresis cannot be resolved at 60 K in the depletion state and above 64 K in the accumulation state, consistent with a T C difference of approximately 4 K.
Our results establish a number of important advances towards implementation of a FeFET multiferroic device. A widely recognized incompatibility between ferroelectrics and group III-V semiconductors has been solved by integration of a polymer ferroelectric in a FeFET configuration. Poling and retention in the polymer ferroelectric gate and electric-field control of ferromagnetism in the semiconductor channel have all been demonstrated successfully. The effects are in agreement with the established understanding of hole-mediated exchange in (Ga,Mn)As. In future, the gating efficiency may be enhanced by improved control of the polymer/semiconductor interface, for example by native oxide removal 31 to suppress detrimental screening effects at the polymer/(Ga,Mn)As interface. Other recent complementary studies on backgated (Ga,Mn)As structures with built-in low-voltage normal gates or bonded piezoelectric transducers 31, 32 are also readily compatible with our FeFET structure. This opens new avenues for fundamental condensed-matter studies in cutting-edge areas such as collective LETTERS phenomena in systems with strong spin-orbit coupling or studies of quantum-relativistic transport and spin dynamics effects. Equally broad use is expected in applied research in new multifunctional device concepts for programmable logic, integrated information storage and retrieval, simultaneous non-volatile electrical, magnetic and mechanical (piezoelectric) gating, and of any combination of these functionalities in one physical element.
